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Abstract To increase the competition of the solar energy collection system, the size of the solar
panel module during the manufacturing process is being increased continuously. As the size of the
solar panel increases, the size of the robot to handle the panel increased also. The change in scale of
the robot inevitably results in the ampliﬁcation of the adverse eﬀect of the ﬂexure. The main source
of the ﬂexure in the large scale solar cell panel handling system is the long and thin fork ﬁngers of the
hand and the solar cell panel. In addition, the belt-driven actuator system used by most of the large
scale panel handling robot is another signiﬁcant source of the vibration. In this paper, the ﬂexible
multi body dynamic model of a large scale solar cell panel handling robot, which is being designed
and constructed with the help of Kyung Hee University, is developed. The belt-driven system in the
robot is also modeled as ﬂexible system and included in the robot to represent the actual vibration
characteristics of the actuator system. c© 2013 The Chinese Society of Theoretical and Applied
Mechanics. [doi:10.1063/2.1301310]
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Among alternatives to the fossil energy, the solar
energy has been steadily considered as one of the most
promising and competitive solutions. To increase the
competitiveness of the solar energy collection system,
the size of the solar panel module during the manu-
facturing process has been increased continuously. The
increment of the size of the solar panel requires the size
of the robot to handle the panel to be increased. The
increase in scale of the robot inevitably results in the
ampliﬁcation of the adverse eﬀect of the ﬂexure in the
robot.
Most of the solar cell handling robots being used
in the industry fundamentally utilize the design of the
liquid crystal display (LCD) panel handling robots and
currently 5.5 G-equivalent robots in LCD industry are
transformed to handle the solar cell panels.1 The weight
of the payload for the solar cell panel handling robots,
however, is much larger than that of the LCD handling
robot of the equivalent-size. With the increase of the
payload, the adverse eﬀect of the vibration in the robot
increases as well. The main sources of the ﬂexure in
the large scale solar cell panel handling system are the
long and thin fork ﬁngers of the hand and the solar
cell panel. In addition, the belt-driven actuator system
used by most of the large scale panel handling robot is
another signiﬁcant source of the vibration.1–3
In this paper, the ﬂexible multi body dynamic
model of a large scale solar cell panel handling robot,
which is designed and constructed Kyung Hee Univer-
sity, is developed. The belt-driven system in the robot
is also modeled as ﬂexible system and included in the
robot to represent the actual vibration characteristics
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Fig. 1. Pictures of the large scale solar cell handling robot.
of the belt system which often intensify the eﬀect of the
ﬂexure of the other parts. The system parameters re-
quired for the ﬂexible belt model is obtained from the
experiments.
Figure 1 shows the 3 degree of freedom (DOF) solar
cell panel handling robot that is discussed in the paper.
Figure 2 shows the schematic diagram of the robot. As
shown in the ﬁgures, the robot has two long and thin
Carbon ﬁber reinforced plastic (CFRP) forks to carry
the panel, which move back and forth and up and down.
Also the arm of the robot can rotate around the base.
There are two sets of fork systems driven by two link
arms. As illustrated in Fig. 3 the arm is actuated by a
belt driven system.
The system parameters of the robot necessary for
modeling including the forks are determined from a se-
ries of experiments. The residual vibration of the fork
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Fig. 2. Schematic diagram of the robot.
Fig. 3. Belt driven link system.
measured at the tip shows that the systems has a few
signiﬁcant elastic modes between 11 Hz to 15 Hz when
the robot moves without panel and between 6 Hz to
8 Hz with panel. The static deﬂection of the tip of the
fork has been measured also for modeling of the arm
and fork.
The ﬂexible model of the robot has been developed
next. Although the robot has many potential sources of
ﬂexure, only the two major sources, i.e., the forks and
the belt drive system, are modeled as ﬂexible. The ﬂexi-
ble multi body dynamic model of the robot is developed
using a commercial MBD S/W, RecurDyn.
The forks of the robot are made of CFRP, which
has favorable characteristics for handling of large frag-
ile material. Table 1 shows the material properties of
the CFRP used in the robot. As shown in Figs. 4 and
5, the forks are modeled with ﬁnite element (FE) sys-
tem and they are connected to the robot at a rigid part
called hand ﬂat. The conjunction of the rigid part and
the FE part is modeled with, so called, false discov-
Table 1. Parameters and their values for fork model.
Parameters Value
Poisson’s ratio 0.25
Young’s modulus/GPa 300
Density/(kg ·mm−3) 1.6× 106
Damping ratio 0.088 7
Mesh element size 25
Fig. 4. Finite element ﬂexible model of forks and the rigid
model of the hand ﬂat.
Fig. 5. Full model of the robot with ﬂexible fork modeled
with ﬁnite elements.
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Fig. 6. Schematic diagram of belt drive system with a
tensioner.
Table 2. Parameters and their values for belt drive.
Parameter Value
Stiﬀness (translation)/(N ·mm−1) 800
Stiﬀness (rotation)/(N ·mm · (◦)−1) 800
Damping ratio (translation) 1× 10−4
Damping ratio (rotation) 1× 10−4
Driven pulley Tensioner Driving pulley 
Timing belt
Link
Fig. 7. Finite element model of belt drive system.
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Fig. 8. Contour of the pulley tooth and the belt tooth.
ery rate (FDR) element, which constrains the force-
displacement of the adjacent two hetero parts.
The dynamics of the belt drive system has been an-
alytically examined and the transfer function of the sys-
tem has been derived.4,5 Figure 6 shows the schematic
diagram of the belt drive system with a tensioner used
in the robot, where T represents the torque applied by
the driving pulley, Fi (i = 1, 2, 3) represent the tension
of the belt in each section, and J1, J2, Jt are the mo-
ment of inertia of the rotating elements in the system.
θ1, θ2, θt and r1, r2, rt represent the angular displace-
ment and radius of each rotating elements.
The governing equations of the belt system can be
expressed as
T + (F1 − F2)r1 = J1θ¨1, (1)
(F2 − F3)r2 = J2θ¨2, (2)
(F3 − F1)rt = Jtθ¨t, (3)
The tension of the belt at the tight part and slack parts
can be expressed as Eqs. (4)–(6), where F0 represents
the initial tension of the belt, ki (i = 1, 2, 3) and ci (i =
1, 2, 3) represent the stiﬀness constant and damping
coeﬃcient of corresponding part of the belt.
F1 = F0 − k1(r1θ1 − rtθt)− c1(r1θ˙1 − rtθ˙t), (4)
F2 = F0 + k2(r1θ1 − r2θ2) + c2(r1θ˙1 − r2θ˙2), (5)
F3 = F0 + k3(r2θ2 − rtθt) + c3(r2θ˙2 − rtθ˙t). (6)
By combing Eqs. (4)–(6), we can obtain the transfer
function of the belt drive system between the torque
input and the angular displacement of the driven pulley.
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Fig. 9. Proﬁle of the pulley and belt with designated contact
points to be matched during the motion.
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Fig. 10. Bode plot of the fork model with a well-tuned
velocity proportional integral diﬀerential (PID) and position
PID controller.
As shown in Fig. 7, the belt drive system is also
modeled with FE belt pat and the rigid pulleys and
tensioner. In the model, the belt is represented with
a series of unit elements as shown in Fig. 8. The two
neighboring unit elements are combined with a spring
element and a damping element. Table 2 shows the
parameters of those connecting elements.
The torque of the driving pulley is transferred to
the belt model by the contact between the pulley tooth
and the belt tooth. Thus, it is critical to model the
proﬁle of the tooth and valley of the pulley and belt.
The points where contact occurs are pre-deﬁned in the
model using the proﬁles of the pulley and the belt as
shown in Fig. 9, where the small circles represent the
contact points. RecurDyn analyzes the dynamics of the
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Fig. 11. Calculated response of tension in the belt model.
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Fig. 12. Calculated velocity response of the driven pulley
(bottom plot is the magniﬁed view of the constant velocity
area).
belt drive system by solving the dynamics behavior of
the contact points of the belt and pulley.
With the ﬂexible belt model and the ﬂexible fork
model, a full model of the solar cell panel handling robot
is developed.
Using the model, a feedback control system is devel-
oped with a velocity PID and a position PID controller.
Due to the non-colocated control nature of the fork sys-
tem, the feedback control system exhibits signiﬁcant vi-
bration even with a well-tuned control system as shown
in Fig. 10.
By applying a trapezoidal velocity command at the
driving pulley, the tension in the belt model and the
position, the velocity, and the acceleration of the driven
pulley are calculated. As anticipated from the mathe-
matical model of the belt system, the dynamic response
of the belt drive exhibits oscillatory responses at about
6 Hz. Figure 11 shows the variation of the tension in
the belt as the driving pulley rotates following the com-
mand. Figure 12 shows the calculated velocity of the
driven pulley, where a matching vibration at about 6 Hz
is observed.
A full model of large scale solar cell panel handling
robot with a ﬂexible fork model and ﬂexible belt drive
system has been developed. The parameters of the ﬂex-
ible model have been adjusted to match the simulation
results with experimental results. Also the mathemati-
cal model of the belt system has been derived to enhance
the understanding of the belt drive system dynamics.
The ﬂexible model of the robot successfully repro-
duces the vibratory behavior similar to that of the ac-
tual system.
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